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Catalytic transition metal mediated hydrofunctionalization of readily accessible 1,3-dienes 
provides synthetic utility for pharmaceutical products and fine chemical synthesis. Historical 
works have focused on using rare and expensive transition metals that are not as cheap or as 
earthly abundant at cobalt. Hydrovinylation of olefins is an extensively studied field of 
hydrofunctionalization. The cobalt-mediated hydrovinylation conditions were adapted to other 
hydrofunctionalizations such as hydroboration and the heterodimerization of alkyl acrylates and 
1,3-dienes. Hydroboration, a more common type of hydrofunctionalization, affords allylic and 
homoallylic boronate esters. These boronate esters are excellent intermediates for conversion 
into a variety of functional groups such as amines, alcohols, carbonyls, as well as other boronate 
species. This research focuses on the reduction of Co(II) to the highly active cationic Co-(I) 
catalyst to effect high regio- and chemo-selective hydroboration. Using this system, the ligand 
effects, solvent effects, counter-ion effects, temperature, and the presence or absence of an 
additive were studied to optimize the efficacy of Co(I). The heterodimerization of alkyl acrylates 
and 1,3-dienes, a less common type of hydrofunctionalization, affords selective regio-, chemo- 
and enantioselective adducts. This research focuses on more practical, cost-effective and green 
conditions for the established heterodimerization reaction. These heterodimerized products can 
further be transformed via Michael Addition reactions for further molecular complexity. The 
products from both hydrofunctionalization reactions can potentially be useful for the synthesis of 
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Chapter 1: Introduction and Background 
Hydroboration is one of the most well-known and frequently used hydrofunctionalization 
reactions. Uncatalyzed hydroboration reactions follow classical chemistry rules where the boron 
group is added to the less substituted carbon, leading to, after oxidative work-up, anti-
Markovnikov addition of water to a double bond.1 Recent works have explored metal catalyzed 
hydroboration which provides control over the chemo-, regio-, and stereoselectivity of boron 
group addition.  
Scheme 1.1: Catalyzed vs. uncatalyzed oxidation of hydroboration reactions1 
  
 Männig and Nöth first introduced hydroboration of an alkene in the presence of a ketone 
using Wilkinson’s catalyst and catecholborane in 19852. Without the metal catalyst, the 
catecholborane adds across the carbonyl group, but with the rhodium catalyst, the catechol 
borane adds selectively to the terminal alkene (Scheme 1.1). This discovery shows the 
importance of control established by metal catalysts and resulted in the development of metal 
catalyzed hydroboration of alkenes over the next few years.1 Many transitions metals similar to 
rhodium were explored including iridium3,4 and samarium5 but the high cost of these metals 
severely limited the utility of the reaction on a large scale. Pereira and Srebnik reported that 
pinacol borane is more stable than catecholborane and the pinacol boronic ester product can be 
easily isolated via column chromatography unlike its catechol counterpart.6 Catecholborane 
undergoes decomposition in the presence of triphenylphosphine – a common reagent in 
hydroboration conditions thus limiting its success in hydroboration.  
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With the success of hydroboration on alkenes, the natural direction this field was directed 
to was hydroboration of dienes. Some conjugated dienes such as butadiene, pentadiene, isoprene, 
etc. are commercially available but more complex conjugated dienes are commonly accessible 
via Wittig reaction from the cheap and abundant aldehyde starting material. Diene synthesis is 
also quite tolerant to many functional groups thus allowing for the formation of dienes with 
many different functional groups. Suzuki et al reported the first palladium catalyzed 1,4-addition 
of catecholborane to isoprene, a simple 1,3-diene.7 In 1997, Zaidlewicz and Meller reported 
success of hydroboration using Ni(II) and Co(II) catalysts – metals that are significantly cheaper 
and earthly abundant when compared to previous metals used in hydroboration8. They reported 
more reactivity with Ni(II) than with Co(II) showing that the nickel catalyzed reaction reached 
completion in 6 hours and yielded 87% selective for the desired 1,2-addition product whereas the 
cobalt catalyzed reaction reached completion in 24 hours and yielded 66% but was still highly 
selective for the 1,2-addition product.  
Scheme 1.2: Zaidlewicz and Meller’s Metal Catalyzed Hydroboration 
 
 Boronate esters provide excellent synthetic utility as they are an extremely versatile 
intermediate (Figure 1.1). The carbon-boron bond can easily be transformed into carbon-carbon 
bonds, carbon-nitrogen bonds as well alcohols and other boron groups which can be further 
oxidized. Use of acyclic 1,3-dienes as substrates in hydroboration has limited references in 




Figure 1.1: Transformation of boronate ester to various functional groups9 
 
Dr. Kendra Dewese explored hydroboration of 1,3-(E)-dienes with a cobalt catalyst for her 
doctoral dissertation: her established conditions served as inspiration for this project. Dr. Dewese 
developed an unprecedented system for selective 1,2 addition hydroboration with dpppCoCl2 as 
the catalyst and methylaluminoxane (MAO) as the activator. Limitations for this reaction and 
inspiration for this project are further discussed in Chapter 2.  
Alongside the development of the hydroboration catalytic system, the heterodimerization 
of alkyl acrylates and 1,3-(E)-dienes was also being explored by Dr. Stanley Jing using similar 
metal complexes and activators.11 Alkyl acrylates are a cheap feedstock source of carbon and 
have found wide industrial application in the creation of polymeric materials such as plastics, 
fibers, cosmetics, and more.12 The first reported reaction between butadiene and alkyl acrylates 
was in 1964 by Wittenberg13 with a Co catalyst. In 1966, Misono et al. reported a successful 
heterodimerization reaction with butadiene and alkyl acrylates using an active catalyst derived 
from Co(acac)3 and Et3Al14 (Scheme 1.3).  The highest isolated yield for this reaction was 20-
30% and for many years there were few scattered reports improving yields and selectivity of this 
reaction. In 1983, Tkatchenko et al reported a high yield and high selectivity of the 
heterodimerized product using cationic allyl-palladium catalyst in the presence of 
tributylphosphine with the Diels-Alder adduct as the minor product.15 
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Scheme 1.3: Co(III) Catalyzed Heterodimerization Reaction by Misono et al.  
 
 
Scheme 1.4: First Report of Pd-catalyzed Heterodimerization by Tkatchenko et al 
 
In 1990, Feldman and Grega reported successful Co-mediated coupling of butadiene and 
methyl acrylate with moderate yield using the well-known species (COD)Co(COE-) but required 
heating the reaction mixture to 50°C and afforded 53% as the highest yield of the desired 
heterodimerized adduct16. After a decade, Hilt et al reported the heterodimerized product in 92% 
yield even though their method was developed to target the Diels Alder product (Scheme 1.4).  17 
The heterodimerization adducts were not further explored by Hilt and co-workers and there was 
a period of little activity in this field until 2012 when Hirano and co-workers reported the use of 
Ru(0) complexes for the codimerization of butadiene and methyl acrylate (Figure 1.5).18 
Scheme 1.5: Early Heterodimerization Reactions by Hilt et al. 
 
 
Using a Ru(0) catalyst, Hirano and co-workers reported enantioselective heterodimerization of 
dienes and alkyl acrylates to afford chiral products. However, the supposed chiral products were 
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isolated with a considerably low 58% enantiomeric excess19 and any modification to the 
conditions of the experiment did not improve the enantioselectivity of the compound.   
Scheme 1.6: Expansion of the heterodimerization reaction with Ru(0) by Hirano et al.  
 
Scheme 1.7: Hydrovinylation of 1,3-(E)-dienes reaction conditions by the RajanBabu Group 
 
Inspired by the success of the Co catalyzed conditions reported by the RajanBabu group 
for asymmetric hydrovinylation of 1,3-(E)-dienes,21,22 Dr. Stanley Jing applied the reaction 
conditions of the hydrovinylation reaction to heterodimerization of 1,3-(E)-diene and methyl 
acrylate. Though the reaction conditions worked for heterodimerization of ethylene and dienes, 
they did not work well with alkyl acrylates and dienes, thus calling for a new methodology to be 
developed which is further introduced in Chapter 3. The established method24 for this reaction 
provide inspiration for more practical and cost-effective methods to be developed for the 









Chapter 2: Cobalt (I) Mediated Hydroboration of 1,3-(E)-dienes 
 
2.1 - Initial scouting experiments for 1,3-(E)-dodecadiene 
Thus far, the seemingly best conditions for Co-catalyzed hydroboration were established as 
the isolated (P~P)CoX2 (0.05 eq.), methylaluminoxane (2.0 eq.), pinacol borane (1.1 eq.) in 
dichloromethane (DCM) at room temperature with reactions times as short as 5 mins.10 Although 
these reaction conditions provided excellent regioselectivity at a ratio of 9:1 favoring the 1,2-
addition product (homoallylic), the synthesis of the reagent methylaluminoxane (MAO) proved 
time-consuming and costly. Other alkylaluminium additives were tested but trimethylaluminium 
(TMA) and MAO were the only two additives that allowed the reaction to progress. 
Scheme 2.1: Established conditions for hydroboration of 1,3-dienes 
 




Activator Temp.  Time bConv. 
1 5 mol% 2 eq. MAO rt 5 min 100% 
2 5 mol% 2 eq. MAO 0°C 10 min 100% 
3 10 mol% 30% TMA -10°C 15 min 100% 
4 5 mol% 15% TMA -20°C 15 h 90% 
5 5 mol% 1.1 eq. La(OTf)3 rt 30 min 0% 
6 5 mol% 1.1 eq. AlCl3 rt 15 min 0% 
7 5 mol% 1.1 eq. Et3Al rt 30 min 0% 
8 5 mol% 1.1 eq. EtAlCl2 rt 15 min 0% 
9 5 mol% 1.1 eq. Et2AlCl rt 15 min 0% 
10 5 mol% 1.1 eq. Me2AlCl rt 30 min 0% 
11 5 mol% 40% EtMgBr rt 30 min 0% 
12 5 mol% 20% NaBHEt3 rt 48 h 0% 
 
aScheme 2.1 for reaction conditions. bRemaining material was starting material 
We hypothesized that TMA and MAO were dual acting – first reducing the Co(II) into 
Co(I) and then the resulting aluminum chloride acting as a Lewis acid to abstract the methyl 
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group or a proton to form the active cationic Co(I) species during catalysis. The Co(II) complex 
was reduced externally with Zn to Co(I) to ensure that it was a Lewis acid was necessary to 
activate the Co(I) and this reduced species was tested to be a precursor to the active cationic 
catalyst. To test the Co(I) intermediate hypothesis, initial scouting experiments were conducted 
with various Lewis acids and isolated Co(I) complexes (Table 2.2).  
Scheme 2.2: Conditions for initial scouting experiments 
 
 
Table 2.2: Initial Scouting experiments completed by Dr. Stanley Jing** 
 






bGC-analysis of reaction 
mixture (%) 
 4          5          6       7         8 
1 dpppCoBr NaBARF, 10 -10 – 23, 1 100 80 13.5 1.4 3 1 
2 dppbCoEt B(C6F5)3, 15 0 – 23, 1 100 82 13.4 1.2 1.7 1.6 
3 (S,S)-DIOPCoEt B(C6F5)3, 15 0, 1 100 79 <1 16.3 1 - 
4 (S,S)-BDPPCoCOE- H(Et2O)2BARF, 5 -10 – 23, 1 100 69 4 27 - - 
5 BINAPCoCOE- H(Et2O)2BARF, 5 0 – 23, 1 100 42.8 33.3 - - 24 
6 L1CoBr NaBARF, 10 0 – 23, 1 100 12.5 72 - - 1 
7 L2CoCl NaBARF, 10 0 – 23, 1 100 65 12 8 - 8 
8 L3CoBr NaBARF, 10 0 – 23, 1 56* 46 - - - 9 
aAll (P~P)Co(I)X (X = Cl, Br) derived from reduction of the corresponding (P~P)Co(I)X2 (X = Cl, Br); dppbCoEt 
derived from treatment of dppbCoCl2 with EtMgCl (3.0 equiv.) respectively. bConversions based on GC integration 
of volatile components of reaction mixture. *44% is 3 (starting material diene) **Unpublished results from Dr. 
Stanley Jing and Milauni Mehta 
 
Almost all of these initial experiments are conducted in the presence of an activator to 
eliminate the possibility that should the reaction not work, it is not because of the absence of the 
activator. We hypothesized that pinacol borane can act as an activator as well as the catalyst 
which is why the hydroboration reaction goes to completion in the absence of an activator (Table 
2.3, entries 1 and 2). However, for non-halide counter-ions such as ethyl (Table 2.2, entries 2 and 
4) or eta-3-cyclooctadienyl (Table 2.2, entries 5 and 6) there was a strong hypothesis that pinacol 
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borane did not possess enough Lewis acidity to promote the reaction without an additive. To 
avoid confusion associated with the activity of the catalyst, the subsequent reactions were 
conducted in the presence of an additive, the activator. In this connection, employing the 
conditions for hydroboration with dpppCoBr and B(C6F5)3 works well (Table 2.4, entries 1 and 
2).  These preliminary results present an opportunity to further explore various effects of the 
reactions conditions on the regioselectivity of the hydroboration addition to the 1,3-diene.   
 
2.2 - Counter Ion Effect 
The product distribution of this reaction generally favors the 1,2-addition product 4 over the 
1,4-addition product 5 apart from one experiment where L1CoBr is used as the catalyst (Table 
2.2, entry 7), which will be discussed in the next section (see Figure 2.1 for structures of the 
ligand). The reversal of favored product indicates that either the counter ion or the ligand 
determines regioselectivity. First, a counter-ion scan was done using the precursor from a cobalt 
complex containing halides, eta-3-cyclooctadienyl and ethyl groups to see how this would affect 
the regioselectivity (Table 2.3).  
Scheme 2.3: Counter-Ion scan conditions 
 
 
We determined that the group on Co(I) is not affecting the regioselectivity of the reaction 
as for each of the experiments the product distribution still favored the 1,2-addition product 4 
over the 1,4-addition product 5 in the established ~80:15 ratio. Although in the initial scan 
experiments the conditions with dpppCoX reached full conversion in 1 hour (Table 2.2, entry 1), 
the reactions were all tracked at 30 mins to compare the percent conversion of starting material 
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to products with the different conditions. With the combination of dpppCoX and no activator, the 
reaction does not reach full conversion at 30 mins, thus indicating that in the absence of the 
additive the reaction requires longer run times to reach full completion. When compared to other 
combinations of catalysts and activators, the system of dpppCoX/no activator is not as efficient 
as the combination of dpppCo(COE-)/ H(Et2O)2BARF – an acid activator as known as 
Brookhart’s acid.  
Table 2.3: Results on Survey of Counter-ions 
 





GC analysis of reaction 
mixture (%) 
3        4        5       6        7 
1 (dppp)CoCl, 5 none 0 – 23, 0.5 68 32 50 9 1 2 
2 (dppp)CoBr, 5 none 0 – 23, 0.5 56 44 37 7 <1 1 
3 (dppp)Co(COE-), 5 H(Et2O)2BARF, 5 0 – 23, 0.5 >98 0 74 15 - - 
4 (dppp)Co(COE-), 5 H(Et2O)2BARF, 5 -20, 0.5 >99 0 79 14 1.5 - 
5 (dppp)Co(COE-), 5 H(Et2O)2BARF, 5 -45, 0.5 >99 0 77 14 1.5 2 
6 (dppp)Co(COE-), 1 H(Et2O)2BARF, 1 0 – 23, 0.5 >98 0 78 13 2 2 
7 (dppp)Co(COE), 0.1 H(Et2O)2BARF, 0.1 0 – 23, 0.5 44 56 31 7 <1 2 
8 (dppp)Co(COE), 0.1 H(Et2O)2BARF, 0.1 23, 15 83 17 59 12 1.5 4 
9 (dppp)CoEt, 5  B(C6F5), 15 0 – 23, 15 50 50 22 - - - 
a(dppp)CoCl derived from Zn reduction of (dppp)CoCl2.  b(dppp)CoBr derived from Zn reduction of (dppp)CoBr2. 
cConversions based on GC integration of volatile components of reaction mixture 
 
Furthermore, with this combination of the eta-3-cycooctadienyl counter ion and 
Brookhart’s acid, both the catalyst and activator loading can be as low as 1 mol% or 0.01 
equivalents with respect to the starting material and still fully convert the diene to the 
hydroboration product in 0.5 hours. This demonstrates that the most robust system for this 
reaction is the combination of dpppCo(COE-)/ H(Et2O)2BARF, both at 0.01 equivalents with 
respect to starting material, ran from 0-23°C allows for almost full conversion of starting 
material to desired product in 30 mins. With this reaction, some of the starting material dimerizes 
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or reduces to an alkane thus reducing the conversion to desired product from 100% to about 
98%. 
 
2.3 - Effect of Ligand on Regioselectivity 
Once it was determined that the source of Co(I) is not a factor that is affecting the 
regioselectivity, it was hypothesized that the ligand could be determining how the catalyst was 
interacting with the substrate thus controlling the regioselectivity of the addition. Since the 
source of Co(I) was not affecting the regioselectivity, interchanging between halide counter-ions 
and alkyl counter-ions would not affect the ligand scan results in this section.  
Scheme 2.4: Conditions for ligand scan 
 
Table 2.4: Ligand Effect of Co(I) hydroboration of 1,3-(E)-dodecadiene 
 





GC analysis of 
reaction mixture (%) 
4          5        6       7       
1 (dppm)CoCl B(C6F5), 15 0 – 23, 2 88 51 19 51 1 
2 (dppe)CoCl B(C6F5), 15 0 – 23, 2 77 55 25 <1 <1 
3 (dppp)CoCl none 0 – 23, 0.5 68 50 9 1 2 
4 (dppb)Co(COE-) H(Et2O)2BARF, 5 0 – 23, 0.5 100 84 - - 8 
5 (dpppent)CoBr B(C6F5), 10 0 – 23, 2 13 - 8 - - 
6 (dppf)CoEt B(C6F5), 15 0 – 23, 2 64 45 10 1 2 
7 (+)DIOPCo(COE-) H(Et2O)2BARF, 5 0 – 23, 0.5 100 83 1 7.6 - 
8 (S,S)-BDPPCo(COE-) B(C6F5), 15 0 – 23, 0.5 >98 66 5 25 <1 
9 (S,S)-BDPPCoBr NaBARF 0 – 23, 2 68 51 3.8 9 <1 
10 L1CoBr none 0 – 23, 2 90 <1 82 <1 - 
11 L1CoBr NaBARF, 15 0 – 23, 0.5 100 15 63 2 - 
12 L2CoCl none 0 – 23, 2 50 12 <1 - 38 
13 L3CoCl none 0 – 23, 2 68 61 <1 <1 7 
aAll (P~P)Co(I)X (X = Cl, Br) derived from reduction of the corresponding (P~P)Co(I)X2 (X = Cl, Br).; dppbCoEt 
and dppfCoEt derived from treatment of dpppCoCl2 and dppfCoCl2 with EtMgCl (3.0 equiv.) respectively. 




This reaction tolerates varying bite angles of α,ω-diphenylphosphino-alkyl ligands as 
evidenced by percent conversions greater than 60% and short reaction times, ranging from 30 
mins to 2 hours (Table 2.4, entries 1-4). After testing the tolerability of this reaction of ligands 
with alkyl backbones, the tolerability of larger ligands as well as chiral ligands were tested. All 
of the ligands except the phenyl version of phosphine-oxazoline ligand L1,22 gave the 1,2-
addition product 4. With or without the activator, [L1]CoBr gives the 1,4 addition product 5 as 
the major product. The activator increases the rate of reaction evidenced by the reaction reaching 
 





































full completion in 30 mins (Table 2.4, entry 10 vs entry 11), but did not give as selective of a 
product distribution as the experiment done without any activator present (Table 2.4, entry 11), 
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which took 2 hours to almost reach full completion, but gave almost exclusively the 1,4-addition 
product. Further studies need to be done to fully confirm these theories, however these initial 
results show promising potential for the ability to control the regioselectivity and product 
distribution of the Co-catalyzed hydroboration reaction. 
Ligands with different bite angles, rings, electronic properties, chirality and bulk were tested 
(Figure 2.1). This reaction is tolerant of most of these variables with the exception of 
(dpppent)CoBr; perhaps the bite angle of 1,3-bis(diphenylphosphino)-pentane was too large to 
effect the reaction (Table 2.4, entry 5). Notable poor reaction conditions were with the isopropyl 
version of the phox Ligand L3 (Table 2.4, entry 13), 1,1’-bis(diphenylphosphino)ferrocene 
(Table 2.4, entry 16), and the phosphinite ligand L2 (Table 2.4, entry 12). 
 
2.4 - in situ Generation of Active Catalyst  
As mentioned before, the hypothesized original role of MAO was to first reduce the 
Co(II) species to Co(I) and then further to Co(I)+ as the active species. Both the counter-ion and 
ligand scans were conducted with isolated Co(I) complex since the proposed mechanism 
indicated that Co(I) was the pre-catalyst that became the active cationic Co(I) species.23 The 
Co(II) complexes were reduced externally by activated Zn dust, thus it was hypothesized that the 
external reducing agent and the newly discovered Lewis acid activators could generate the active 
catalyst in situ instead of using MAO to reduce and activate the pre-catalyst. This methodology 
proposes significant advantages as it eliminates the need for storing the activator at -8°C; 











 To test this hypothesis, isolated dpppCoBr2, slight excess of the reducing agent Zn dust 
and activator NaBARF were combined in DCM and allowed to stir for a few minutes. The 
solution was then cooled to 0°C, the starting material diene was added followed by the pinacol 
borane, and the reaction was allowed to warm to room temperature. The reaction was tracked at 
15 minutes and indicated full consumption of the starting material with an isolated yield of 81% 
of the 1,2-addition product, thus confirming the hypothesis that the active catalyst could be 
generated in situ using more readily available materials such as Zn and NaBARF. The full 
procedure for this reaction can be found in the Experimental Section 2.6.  
 
2.5 - Summary and Conclusions 
Although the established conditions for the hydroboration of 1,3-(E)-dienes afforded the 1,2-
hydroborated product in good yield, a more facile system was developed through further analysis 
of this reaction. From the first initial experiments, it was determined that alternative Lewis acids 
other than MAO activated the catalyst just as well as MAO did and provided the same selectivity 
for the 1,2-addition product with one exception (Table 2.2, entry 6), which provided the 1,4-
addition product. To further explore the cause of this difference in addition, a counter- ion scan 
and ligand scan were conducted. Changing the counter ion from a halide to different alkyl groups 




The ligand scan determined that it was the identity of the ligand that affected the selectivity 
of the addition. The excellent ratio of regioselectivity indicates that the addition can be fully 
controlled. Based on this discovery controlling the regioselectivity with the identity of the ligand, 
the original conditions with MAO were reviewed again. As it was hypothesized that MAO 
served a dual purpose of reducing the catalyst from Co(II) to Co(I) to Co(I)+, the new conditions 
of using NaBARF as a Lewis acid to activate the catalyst were applied to this hypothesis. This 
discovery reduced the number of steps required to prepare the catalyst from two steps to one; 
instead of forming the Co(II) complex and then reducing that externally to Co(I), the new system 
allows for in situ generation of the Co(I) catalyst. The generation of in situ active catalyst 
eliminates the need for forming, isolating and storing the Co(I) complex thus allowing one to 
reach the highly versatile boronate ester from a readily available 1,3-diene in one step. 
 
2.6 – Experimental Procedures 
General Methods: Air-sensitive reactions were run under an atmosphere of argon using a 
Schlenk line or a Vacuum Atmospheres glovebox. Dichloromethane (DCM) was dried over 
calcium hydride (CaH2) and was freshly distilled before transferring into the dry-box. TLCs were 
run on pre-coated (0.25 mm) silica gel 60 F254 plates from Silicyle. Flash column 
chromatography was performed over silica gel 40 acquired from Sorbtech Chemicals. Gas 
chromatograms were obtained on an Agilent HP-5 with a methyl silicone column (30 m x 0.32 
mm, 0.25 μm thickness) using hydrogen for the carrier gas. The GC was equipped with FID 




Typical Procedure for Catalytic Co(I) Hydroboration: In the dry-box, a 25-mL oven dried 
Schlenk flask was charged with a magnetic stirrer bar, Co(I)-complex (0.05 eq), and activator (0 
to 0.15 eq) and a septum. The flask was taken out of the dry-box and connected to an argon 
Schlenk line and subjected to three vacuum-then-refill cycles with Ar. Freshly distilled 
methylene chloride was added via septum. The reaction mixture was cooled to the desired 
temperature and then (E)-1,3-dodecadiene (1.0 eq) was added neat via micro-liter syringe 
followed by pinacol borane (HBpin) (2.0 eq) and the resulting green solution stirred and warmed 
to the desired temperature and monitored via G.C-FID by taking an aliquot and adding n-pentane 
or hexanes, filtered through a short pad of silica in a glass pipette and eluting with ether. Upon 
completion of the reaction, the mixture is diluted with n-pentane/ether (1: 1) and filtered over a 
short pad of silica using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch) and 
concentrated to afford crude product. 
 
Procedure for Table 2.4, entry 4: Prepared according to the typical procedure using (E)-1,3-
dodecadiene (55 mg, 0.335 mmol), pinacolborane (47 mg, 0.369 mmol), dppbCo(COE-) (10 mg, 
0.0168 mmol), H(Et2O)2BARF (13.4 mg, 0.0168 mmol), and DCM (2 mL). Upon completion of 
the reaction (0.5 h), the reaction was exposed to air and diluted with hexanes and filtered through 
a short pad of silica using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch), and 
concentrated to afford the tittle compound as a colorless oil (72 mg, 91% yield). 
1H NMR (400 MHz, CDCl3, δ): 5.47 – 5.34 (m, 2 H), 2.11 – 2.06 (m, 2 H), 1.96 – 1.91 (m, 2 H), 
1.25- 1.23 (br, m, 23 H), 0.87 (t, J = 6.4 Hz, 3 H), 13C NMR (CDCl3, δ): 132.2, 129.7, 83.2, 32.9, 
32.6, 29.9, 29.8, 29.6, 29.5, 27.2, 25.2, 25.1, 23.0, 14.4. 
GC (methyl silicone, 120°C for 5 mins then ramp to 250°C at 20°C/min): Rt 10.99 min 
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Procedure for Table 2.4, entry 11: Prepared according to the typical procedure using (E)-1,3-
dodecadiene (41 mg, 0.245 mmol), pinacolborane (35 mg, 0.269 mmol), L1CoBr (10 mg, 0.0184 
mmol), NaBARF (9.4 mg, 0.0184 mmol), DCM (2 mL). Upon completion of the reaction (0.5 h), 
the reaction was exposed to air and diluted with hexanes and filtered through a short pad of silica 
using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch), and concentrated to 
afford the tittle compound as a colorless oil (55 mg, 76% yield). 
1H NMR (400 MHz, CDCl3, δ): 5.51 – 5.38 (m, 1 H), 5.38 – 5.33(m, 1 H), 2.02 – 1.97 (m, 2 H), 
1.66 (br, d, J = 7.7Hz, 2 H), 1.25- 1.23 (br, m, 23 H), 0.87 (t, J = 6.4 Hz, 3 H), 13C NMR (CDCl3, 
δ): 130.3, 124.2, 83.4, 32.2, 29.9, 29.8, 29.6, 27.3, 25.1, 24.9, 22.9, 14.3 
GC (methyl silicone, 120°C for 5 mins then ramp to 250°C at 20°C/min): Rt 10.95 min 
 
Procedure for in situ generation of active catalyst (Scheme 2.5): Prepared according to the 
typical procedure using dpppCoBr2 (10 mg, 0.0159 mmol, 0.05 eq), Zn dust (10 mg, 0.1589 
mmol, 0.5 eq.), NaBARF (10 mg, 0.0159 mmol, 0.05 eq), DCM (2 mL), 1,3-(E)-dodecadiene (48 
mg, 0.3174 mmol, 1.0 eq), HBpin (50 µL, 0.3492 mmol, 1.1 eq.) Upon completion of the 
reaction (0.25 h) the mixture is diluted with n-pentane/ether (1: 1) and filtered over a short pad of 
silica using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch) and concentrated to 
afford the title compound as a colorless oil (72 mg, 81% yield). 
1H NMR (400 MHz, CDCl3 δ): 5.47 – 5.34 (m, 2 H), 2.11 – 2.06 (m, 2 H), 1.96 – 1.91 (m 2 H), 
1.25- 1.23 (br, m, 23 H), 0.87 (t, J = 6.4 Hz, 3 H), 13C NMR (CDCl3, δ): 132.2, 129.7, 83.2, 32.9, 
32.6, 29.9, 29.8, 29.6, 29.5, 27.2, 25.2, 25.1, 23.0, 14.4. 
GC (methyl silicone, 120°C for 5 mins then ramp to 250°C at 20°C/min): Rt 10.99 min 
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Chapter 3: Cobalt (II) Mediated Heterodimerization of 1,3-(E)-dienes and Methyl 
Acrylates 
3.1 – Established Conditions for Heterodimerization 
Heterodimerization reactions between dienes and acrylates have the potential for broad 
synthetic utility. The starting materials for this reaction are readily available: 1,3-dienes can be 
synthesized via the Wittig reaction and acrylates are produced in a multi-ton scale for industrial 
application. The established conditions for this reaction by Jing and co-workers23 include 
combining the isolated metal complex (0.05 eq.), sodium tetrakis[3,5-bis(trifluoromethyl)-
phenyl] borate, hereafter mentioned as NaBARF, as the activator (0.075 eq.), activated Zn dust 
as the reducing agent (1.00 eq.), the diene (1.00 eq.) and the acrylate (1.10 eq.) in DCM at room 
temperature to yield nearly enantio-pure skipped 1,4-diene esters (Scheme 3.1). 













14 15 16  
All of the optimization reactions were done using Co(I) and reported in Dr. Stanley Jing’s 
doctoral dissertation.11 Limitations for these reaction conditions include cost-prohibitive methods 
of synthesizing NaBARF. Although NaBARF is commercially available, the high cost of 
purchasing this activator, $146.50 for 250 mg from the seller Sigma-Aldrich, was slightly offset 
by manually synthesizing it. Synthesizing NaBARF is a time-consuming process. In the scan for 
activators, Dr. Jing had noticed that ZnCl2 was the only other activator that gave full conversion 
however the slow reaction time discouraged further study of the Lewis Acid. Leitner et. al had 
explored the activation of Ni-catalyzed hydrovinylation with Lewis acids in 2009.25 Inspired by 
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Leitner’s success of using cost-effective activators, new reaction conditions for the 
heterodimerization reaction were explored using other Lewis Acids activators as a replacement 
for NaBARF. This chapter deals with the explorations of these activators that led to the 
discovery of practical processes for the heterodimerization reaction.  
3.2 – Optimization of New Reaction Conditions 
In Leitner’s activator scan, the only Lewis Acid that gave greater than 90% conversion to 
the hydrovinylated product was InX3 (X = Cl, Br) with -40°C as the activation temperature.  
Scheme 3.2: Hydrovinylation scheme from Leitner et al 
 
Thus, for the first experiment to test if the Lewis Acid could generate the active catalyst, InBr3 
was added in excess as a substitute for NaBARF but the reaction temperature, catalyst loading, 
and Zn as the reducing agent, were kept constant. Surprisingly, activation of the catalyst with 
InBr3 gave full conversion of starting material to products with the same GC distribution of the 
heterodimerized adduct as the established conditions (Figure 3.1 vs Figure 3.3). 
Inspired by this, the necessity of using Zn as the reducing agent was examined. At least 
half equivalent of Zn with respect to the starting material was needed as the reducing agent. 




Figure 3.1: Achiral Stationary Phase Gas Chromatogram of established experiments with 
Zn/NaBARF23 
 
itself is a Lewis acid. This limits the reaction as acid sensitive functional groups would not 
survive under the reaction conditions. To find alternatives to Zn, different transition-metal free 
reducing agents were scanned.  
Scheme 3.3: Conditions for reducing agent and activator scan 
 
The reducing agents scanned were lithium nitride, 1,4-bis-(trimethylsilane)-1,4-
dihydropyrazine and 2,3,5,6-tetramethyl-1,4-bis-(trimethylsilane)-1,4-dihydropyrazine. Of the 
three reducing agents, lithium nitride most consistently gave full conversion from starting 
material to products. The other two heterocyclic organic reducing agents, 1,4-bis-
(trimethylsilyl)-1,4-dihydropyrazine and 2,3,5,6-tetramethyl-1,4-bis-(trimethylsilyl)-1,4-
dihydropyrazine (Figure 3.1), gave poor or no conversion using either InBr3 or NaBARF as the 
activator. The poor reactivity with the catalyst system when the pyrazine derived reducing agents 
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could potentially be attributed to side polymerization reactions with the acrylate induced by the 
non-metallic reducing agent or to inhibition by the heterocyclic byproduct which could serve as a 
ligand thus causing inhibition.  
Table 3.1: Results on Survey of Reducing agents and activators 
 











1 dpppCoBr2 Li3N InBr3  100 7 65 
2 dpppCoBr2 Li3N (0.10 eq.) InBr3  100 2 79 
3 dpppCoBr2 Li3N (0.10 eq.) NaBARF 100 2 52 
4b dpppCoBr2 Li3N  InCl3 100 2 83 
5 dpppCoBr2 TMS-DHPy InBr3 46 12 20 
6 dpppCoBr2 TMS-DHPy NaBARF 7 24 - 
7 dpppCoBr2 TMS-DHPy InCl3 0 24 - 
8 dpppCoBr2 Tetra-Me-TMS-py InBr3  1 24 - 
9 dpppCoBr2 Tetra-Me-TMS-py NaBARF 28 24 - 
10 dpppCoBr2 Tetra-Me-TMS-py InCl3 18 24 - 
11 dpppCoCl2 Li3N (0.10 eq.) InBr3  98 0.25 91 
12 dpppCoCl2 Li3N (0.10 eq.) NaBARF 100 24 70 
13 dpppCoCl2 Li3N  InCl3 80 24 - 
14 dpppCoCl2 TMS-DHPy InBr3 9 24 - 
15 dpppCoCl2 TMS-DHPy NaBARF 0 24 - 
16 dpppCoCl2 TMS-DHPy InCl3 0 24 - 
17 dpppCoCl2 Tetra-Me-TMS-py InBr3  10 24 - 
18 dpppCoCl2 Tetra-Me-TMS-py NaBARF 49 24 - 
19 dpppCoCl2 Tetra-Me-TMS-py InCl3 11 24 - 
aConversion based on disappearance of starting material on GC; bInCl3 loading was 0.30 eq. with respect to catalyst 
Leitner et. al25 reports that both InBr3 and InI3 provide excellent conversion to product for the 
hydrovinylation reaction (Scheme 3.2). The heterodimerization reaction was tested with InCl3 as 
an activator as well, and these conditions provide the same results as does InBr3. There is no 
significant difference observed when using the Li3N/InX3 (X = Cl, Br) combination with 
dpppCoX2 (X = Cl, Br) (Table 3.1, entries 2 and 11). Although these reactions all indicated 
100% conversion from starting materials to products, some product was lost during the isolation 
of product. NaBARF is not as easy to separate from the reaction mixture as the metal halides are. 
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Figure 3.2: Achiral Stationary Phase Gas Chromatogram of starting material 
 
Figure 3.3: Achiral Stationary Phase Gas Chromatogram of Table 3.1, Entry 11 (Li3N/InBr3)
 
The metal halide reactions only require filtering through a short pad of silica, provided the 
reaction has undergone full conversion, whereas separation from NaBARF requires a longer pad 
of silica. Since residues from NaBARF is not as polar as the metal halides, there is a chance that 
if the silica pad is too short, the activator residues will end up in the isolated product which can 
be determined by a pink tint in the supposed isolated compound vial. When this happens, the 
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solvent is evaporated and the product is ran through another short pad of silica, however these 
multiple runs through silica to isolate the product all result in the loss of some product in the 
silica itself or in transfer from glassware. These scans were done on a 40 mg scale thus any 
transferal or secondary filtration step saw some loss of yield, which explains the lower isolated 
yields with NaBARF as the activator.  
Figure 3.4: Structures of reducing agents
 
Although 1,4-bis-(TMS)-1,4-dihydropyrazine and 2,3,5,6-tetramethyl-1,4-bis-(TMS)-1,4-
dihydropyrazine indicate some conversion of the starting material to the target product, the rate 
of conversion is too slow. After twenty-four hours, even if the reaction is being run in the 
glovebox, the catalyst is considered dead so there would be no further conversion to product 
(Table 3.2, entries 14-19). Though these reducing agents show promise of entirely transition 
metal free reaction conditions, further optimization is necessary with an activator that is more 
suited to the heterodimerization conditions in order to reach full conversion to desired products. 
To ensure continuity throughout the scans in Table 3.1, all experiments were tracked after the 
first two hours, then based on percent conversion the reactions were either allowed to continue 
stirring or quenched to be worked up. When testing the new activators, each was added at 0.25 
equivalents with respect to substrate. The activator InX3 (X = Cl, Br) was then optimized to 0.10 
equivalent loading with respect to substrate. The activator NaBARF has been reported to work 
with loading as low as 0.07 equivalents23, but NaBARF was used at a 0.10 equivalent loading to 
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stay consistent with the equivalence of the indium-based activators.  The reducing agents were 
also loaded at 0.25 equivalents with respect to substrate when first testing their reactivity with 
these starting materials.  
Lithium nitride was optimized to 0.10 equivalents due to its reactivity whereas the other two 
pyrazine-based reducing agents were kept at 0.25 equivalent loading since they did not give 
quantitative conversion. The pyrazine based reducing agents still gave poor conversion even 
though they were used in excess with respect to the catalyst which further indicated that these 
conditions were not compatible with this specific reaction (Table 3.2, entries 5-10 and 14-19). 
However, the experiment with the Li3N/InBr3 conditions was tracked at fifteen minutes and 
showed full conversion (Table 3.1, entry 11) as compared to no conversion to the desired product 
with the 1,4-bis-(TMS)-1,4-dihydropyrazine/InBr3 combination (Table 3.1, entry 14) or 2,3,5,6-
tetramethyl-1,4-bis-(TMS)-1,4-dihydropyrazine/InBr3 combination (Table 3.1, entry 17). This 
indicates that this combination of reducing agent and activator converts the starting material to 
product at a rate comparable to the established conditions by Jing et al. The reducing agent and 
activator scan indicate that Li3N and InX3 are excellent substitutes for the original reagents 
NaBARF and Zn dust.  
 
3.3 – in situ Generation of Active Metal Complex 
 Discovering the ability to reduce the Co(II) metal complex to Co(I) in situ reduces the 
number of steps of the reaction. Both the catalyst and diene need to be previously prepared and 
stored which compounds time for the heterodimerization reaction. To further simplify the 
preparation of the reaction, the metal complex needs to be generated in situ as well – this would 
make this reaction truly a ‘dump and stir’ reaction. Using the newly discovered reaction 
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conditions of Li3N/InBr3, commercially available ligands such as 1,3-bis(diphenylphosphino)-
propane, abbreviated as dppp, and cobalt salt were combined with the activator and Lewis Acid 
in DCM, and then the starting materials were added. This procedure also affords greater than 
97% conversion to the desired heterodimerized adduct as shown by the gas chromatogram below 
(Figure 3.5). These are truly optimized conditions for the heterodimerization reaction as none of 
the materials, aside from the diene which is prepared from an aldehyde via a simple Wittig 
reaction, need to be prepared prior to executing the experiment. This experiment reaches full 
completion in fifteen minutes under inert atmosphere at room temperature (Scheme 3.4). 
Scheme 3.4: Optimized in situ generation of catalyst conditions 
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InBr3 (0.10 eq) *
 
Figure 3.5: Achiral Stationary Phase Gas Chromatogram of in situ generation of catalyst 
 
The heterodimerization reaction yields a chiral center but when conducted with achiral 
ligands such as dppp the product is racemic. To test whether these new conditions would provide 
the same enantioselectivity as previously established22 the chiral version of dppp, (S,S)-BDPP 
was used in these reaction conditions as shown in Scheme 3.5 below. The resulting product 
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provided the R enantiomer in excellent enantiomeric excess, 99% ee (Figure 3.6), although the 
yield was low as the reaction did not go to full completion even after four hours (Figure 3.7). 
Scheme 3.5: Enantioselectivity with New Conditions 
 
Figure 3.6: Chiral Stationary Phase Gas Chromatogram showing Enantioselectivity of 
Reaction Shown in Scheme 3.5 
 
The slower rate of reaction can be attributed to the increased steric demand and orientation of the 
methyl groups on (S,S)-BDPP. The chiral version of the heterodimerization reaction requires 
reaction times as long as four hours when compared to relatively short reaction times its racemic 
counterpart dppp requires to afford full conversion of starting materials to products. The 
heterodimerized adduct is afforded in 99% ee with (S,S)-BDPP which inspires further studies to 
be conducted with different chiral ligands to fully explore the scope of this reaction. 
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Figure 3.7: Achiral Gas Chromatogram showing Incomplete Conversion of Reaction Shown 
in Scheme 3.5 
 
3.4 – Further Functionalization of skipped 1,4-diene esters 
 The heterodimerization reaction yields an α,β-unsaturated carboxylic ester moiety which 
allows for further functionalization of the product via the Michael Addition reaction. This 
addition reaction increases the complexity of the compound by introducing a second chiral center  
adjacent to the chiral center set by the heterodimerization reaction. The experimental conditions 
and yields for the three Michael addition products that were prepared are summarized in Figure 
3.8 with the full procedures and NMR data detailed in the Experimental Section. 
Although these reactions afford a poor yield, these products were purified, isolated and 
analyzed. The 1,4-addition reaction was attempted with an organocopper reagent, however 
excess MeLi in the reaction mixture yielded a reduced tertiary alcohol. Through 1H NMR and 
13C NMR analysis, the product was determined to be diastereomeric alcohols, however the fact 
that there is a methyl substitution at the C4 position of 22 proves that alkyl addition is possible at 
that position. The 1H NMR and 13C NMR data for compound 21 indicate clean separation from 
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Figure 3.8: Further functionalization of heterodimerized adduct 
*
 
any other impurities in the reaction mixture thus providing high potential for utilizing this 
reaction to make a more complex molecule. Compound 20 was not able to be as cleanly 
separated from impurities in the reaction mixture. Upon analysis of 1H NMR peaks and splitting 
patterns specific to the 20, it was determined that the desired compound was formed albeit in low 
yields.  
 
3.5 – Summary and Conclusion 
The novel heterodimerization reaction provides an excellent way to yield highly enantiopure 
skipped 1,4-diene esters. The established conditions for these reactions afford high yields and 
high enantioselectivity but are cost prohibitive due to the use of NaBARF. The established 
conditions are also limiting in terms of acid-sensitive functional groups due to the Lewis acid 
byproduct formed when using Zn as the reducing agent. To circumvent these limitations, 
different reducing agents and activators were scanned to see if they can substitute the established 
reagents. The Li3N/InX3 combination of reducing agent and activator afford the desired product 
28 
 
in the highest yield and in the shortest reaction times with dpppCoX2 as the catalyst. The electron 
rich pyrazine reducing agents probably do not work as they trap the electron deficient methyl 
acrylate which would eliminate the possibility of the heterodimerization reaction in the reaction 
mixture.  
To further simplify this reaction, the conditions were optimized to simply adding the ligand, 
Co salt, reducing agent, activator and starting materials – a ‘dump and stir’ reaction – to yield the 
same distribution of products as the reaction with the isolated metal complex did. These new 
conditions were then tested with the chiral version of dppp, (S,S)-BDPP and resulted in 99% 
enantioselective excess though the reaction did not reach full conversion in four hours. Further 
optimization is needed before the scheme can be fully implemented. The α,β-unsaturated 
carboxylic ester moiety of the heterodimerized product can also be utilized to increase the 
complexity of the compound (Figure 3.8).  
 For future work, the electron rich alkene connected to an electron deficient α,β-
unsaturated carboxylic ester by a chiral center provides opportunities for further 
functionalization other than those discussed in this thesis. The one-step approach to synthesizing 
this skipped 1,4-diene ester with commercial reagents greatly increases the time and cost 
effectiveness of the reaction thus providing significant benefits to large-scale synthesis of 
advanced intermediates containing the 1,4-diene ester moiety. Further studies will involve 
expanding these reagent conditions to other hydrofunctionalization reaction such as 
hydroboration, hydrosilylation and hydrovinylation as well as expanding the functional group 





3.6 – Experimental Section 
 
General Details:  
Glass vials used for reactions were purchased from VWR (8 mL, screw-thread sample 
vials, PTFE-faced silicone septa) and the caps were dried in a desiccator over night while the 
vials were dried in an oven at 160 °C for 24 h before transferring into the dry-box. 
Dichloromethane (DCM) was dried over calcium hydride (CaH2) and was freshly distilled before 
transferring into the dry-box. Flash column chromatography was carried out on silica gel 40 
(Scientific Adsorbents Incorporated, Microns Flash). Gas chromatographic analysis of reaction 
mixtures was done on an Agilent HP 5890 GC equipped with HP- 5MS column (30 m, 0.32 mm 
I.D, 0.25μm) and hydrogen as carrier gas with FID detector at 250 °C. GC-MSD analysis was 
performed on a 6850GC-5975MSD equipped with an EI impact ionization. Enantiomeric 
excesses of chiral compounds were determined by chiral gas chromatrographic analyses which 
were performed on an Agilent 7850 A equipped with a cyclosil-B or cyclodex-B column, 
hydrogen carrier gas, and an FID detector at 250°C. 
 
Procedure for 1,3-(E)-undecadiene Synthesis: 
1,3-(E)-undecadiene was prepared following typical C-1 Wittig procedure using 
methyltriphenylphosphonium bromide (28 g, 78.383 mmol, 1.1 eq.), n-butyllithium (34 mL, 2.5 
M in hexane, 1.2 eq.), and 2-(E)-decenal (10 g, 71.428 mmol, 1.0 eq.) in THF (315 mL, 0.25 M). 
Upon completion of the reaction (1 h), the product was quenched with NH4Cl, extracted with 
Et2O (100 mL x 3, purified via flash chromatography in pentane, and concentrated to afford the 
title compound as a colorless oil (7.00 g, 71% yield).  
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 1H NMR (400 MHz, CDCl3, δ): 6.31 (dt, J = 17 Hz 1H), 6.05 (dd, J = 15 Hz 1H), 5.70 (quin., J 
= 15 Hz, 1 H), 5.10 (d, J = 17 Hz, 1H), 4.96 (d, J = 10 Hz, 1H), 1.31-1.24 (m, 12H), 0.88 (t, J = 
7 Hz, 3H)  
GC (methyl silicone, 100°C for 5 mins then ramp to 250°C at 20°C/min): Rt 2.52 min 
 
Typical Procedure for Table 3.1 Experiments (all reactions done in drybox): 
In the dry box, an 8-mL oven dried vial with a septum cap was charged with magnetic 
stirrer bar, isolated metal complex (0.05 eq.), reducing agent (0.25 eq.), activator (0.10 eq.) and 
DCM (0.35 M). The vial was capped and while stirring the mixture, neat (E)-1,3-undecadiene 
(1.00 eq.) followed by distilled methyl acrylate (1.10 eq.) was added via micro-liter syringe. The 
resulting green solution was allowed to stir at room temperature and monitored via GC-FID by 
taking an aliquot with a glass pipette, removing from dry box atmosphere, adding 1:1 
ether/hexanes, filtering through a short pad of silica in a glass pipette, and eluting with ether. 
Upon completion of the reaction, the mixture is diluted with 1:1 ether/hexane, filtered over a 
short pad of silica using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch), and 
concentrated.  
 
Procedure for Table 3.1, Entry 2: 
Prepared according to typical procedure using dpppCoX2 (0.05 eq.), Li3N (1.14 mg, 
0.0329 mmol), InBr3 (13 mg, 0.0329 mmol) DCM (0.94 mL), (E)-1,3-undecadiene (50 mg, 
0.3289 mmol), and distilled methyl acrylate (31 mg, 0.3618 mmol). Upon completion of the 
reaction (2 h), the mixture is exposed to air and diluted with 1:1 ether/hexane, filtered over a 
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short pad of silica using a fritted glass funnel, and concentrated to afford the title compound (61 
mg, 79% yield) as a colorless oil.  
1H NMR (400 MHz, CDCl3 ,δ): 6.84 (q, J = 15 Hz, 1H), 5.80 (dd, J = 15 Hz, 1H), 5.57-5.53 (m, 
1H), 5.22-5.17 (m, 1H), 3.72 (s, 3H), 3.20-3.13 (m, 1H), 1.60 (dd, J = 7 Hz, 3H), 1.50-1.45 (m, 
1H), 1.40-1.33 (m, 1H), 1.26 (s, 12H), 0.86-0.89 (t, 3H),; 13C NMR (CDCl3, δ): 167.7, 152.2, 
133.4, 126.0, 119.8, 51.7, 40.3, 34.9, 32.2, 29.8, 29.5, 29.3 27.4, 22.9, 14.4, 13.5. 
GC (methyl silicone, 100°C for 5 mins then ramp to 250°C at 20°C/min): Rt 9.28 min 
*The above procedure was employed with X2 = Cl2 (8.8 mg, 0.0164 mmol), Br2 (10 mg, 0.0164 
mmol); as well as with activators NaBARF (29 mg, 0.0329 mmol), InCl3 (7.3 mg, 0.0329 mmol) 
and reducing agents 1,4-bis-(TMS)-1,4-dihydropyrazine (18 mg, 0.0822 mmol) and 2,3,5,6-
tetramethyl-1,4-bis-(TMS)-1,4-dihydropyrazine (23 mg, 0.0822 mmol). 
 
General Procedure for in situ generation of metal complex:  
An 8 mL oven dried vial equipped with a septum cap was charged with a magnetic stirrer 
bar, ligand (0.05 eq.), cobalt (II) salt (0.05 eq.) and DCM (0.35 M) and allowed to stir for 15 
min. Reducing agent (0.10 eq.) was then added and the solution was allowed to stir for another 
15 minutes. Activator (0.10 eq.), 1,3-(E)-undecadiene (50 mg, 0.3289 mmol, 1.00 eq.), and 
distilled methyl acrylate (31 mg, 0.3618 mmol, 1.10 eq.) were then added via micro-liter syringe. 
The mixture was stirred at room temperature and monitored by taking an aliquot using a glass 
pipette, diluting with mixture of ether/hexane (1:1) and filtered through a short pad of silica in a 
glass pipette eluting with ether and analyzed via GC. Upon completion of the reaction (0.25 h), 
the mixture is exposed to air and diluted with 1:1 ether/hexane, filtered over a short pad of silica 
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using a fritted glass funnel (I.D = 1 inch, height of silica pad ~1.5 inch), and concentrated to 
afford the title compound as a colorless oil.  
 
Scheme 3.4: Optimized in situ Generation of Catalyst Conditions (Racemic):  
Prepared according to the typical procedure using dppp (9 mg, 0.0222 mmol), cobalt 
dibromide salt (4.0, 0.0181 mmol, mg), DCM (0.94 mL, 0.35 M), Li3N (1.14 mg, 0.0329 mmol), 
InBr3 (11 mg, 0.0329 mmol), 1,3-(E)-undecadiene (50 mg, 0.3289 mmol), and distilled methyl 
acrylate (31 mg, 0.3618 mmol). Upon completion of the reaction (0.25 h), the mixture is exposed 
to air and diluted with 1:1 ether/hexane, filtered over a short pad of silica using a fritted glass 
funnel, and concentrated to afford the title compound (71 mg, 91% yield) as a colorless oil.  
1H NMR (400 MHz, CDCl3 ,δ): 6.84 (q, J = 15 Hz, 1H), 5.80 (dd, J = 15 Hz, 1H), 5.57-5.53 (m, 
1H), 5.22-5.17 (m, 1H), 3.72 (s, 3H), 3.20-3.13 (m, 1H), 1.60 (dd, J = 7 Hz, 3H), 1.50-1.45 (m, 
1H), 1.40-1.33 (m, 1H), 1.26 (s, 12H), 0.86-0.89 (t, 3H),; 13C NMR (CDCl3, δ): 167.7, 152.2, 
133.4, 126.0, 119.8, 51.7, 40.3, 34.9, 32.2, 29.8, 29.5, 29.3 27.4, 22.9, 14.4, 13.5. 
GC (methyl silicone, 100°C for 5 mins then ramp to 250°C at 20°C/min): Rt 9.28 min 
 
Scheme 3.5: Enantioselectivity with New Conditions (Chiral):  
Prepared according to the typical procedure using (S,S)-BDPP (9.7 mg, 0.0222 mmol), 
cobalt dibromide salt (4.0, 0.0181 mmol, mg), DCM (0.94 mL, 0.35 M), Li3N (1.14 mg, 0.0329 
mmol), InBr3 (11 mg, 0.0329 mmol), 1,3-(E)-undecadiene (50 mg, 0.3289 mmol), and distilled 
methyl acrylate (31 mg, 0.3618 mmol). Upon completion of the reaction (0.25 h), the mixture is 
exposed to air and diluted with 1:1 ether/hexane, filtered over a short pad of silica using a fritted 
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glass funnel, and concentrated to afford the title compound (40 mg, 50% yield, 99% ee) as a 
colorless oil.  
1H NMR (400 MHz, CDCl3 ,δ): 6.84 (q, J = 15 Hz, 1H), 5.80 (dd, J = 15 Hz, 1H), 5.57-5.53 (m, 
1H), 5.22-5.17 (m, 1H), 3.72 (s, 3H), 3.20-3.13 (m, 1H), 1.60 (dd, J = 7 Hz, 3H), 1.50-1.45 (m, 
1H), 1.40-1.33 (m, 1H), 1.26 (s, 12H), 0.86-0.89 (t, 3H),; 13C NMR (CDCl3, δ): 167.7, 152.2, 
133.4, 126.0, 119.8, 51.7, 40.3, 34.9, 32.2, 29.8, 29.5, 29.3 27.4, 22.9, 14.4, 13.5. 
GC (methyl silicone, 100°C for 5 mins then ramp to 250°C at 20°C/min): Rt 9.28 min 
 Thiol Addition to Heterodimerized Product (21): 
Methyl-(E)-4-((Z)-prop-1-en-1-yl)dec-2-enoate (50 mg, 0.2224 mmol, 1.0 eq.) in water 
(0.50 mL) was treated with thiophenol (21 mg, 0.2450 mmol, 1.1 eq.)) under magnetic stirring at 
room temperature until complete consumption of the starting material (30 mins: TLC). The 
reaction mixture was extracted with EtOAC (3 x 5 mL). The combined EtOAc extracts were 
dried (Na2SO4) and concentrated under reduced pressure to afford an oil which on passing 
through a column of silica gel and elution with EtOAc:hexane (1:1) afforded the β-substituted 
product: methyl-(Z)-2-(phenylthio)-4-prop-1-en-yl)decanoate as a colorless oil (20 mg, 26% 
yield).   
1H NMR (CDCl3, 400 MHz) δ: 7.50-6.83 (m, 5H), 5.77-5.79 (dd, 1H), 5.59-5.54 (m, 1H), 5.21-
5.18 (m, 1H), 3.72 (s,3H), 3.19-3.14 (m 1H), 1.60 (dd, J = 6.8 Hz, 1.7 Hz 3H), 1.25 (s,12H), 
0.86-0.89 (t, J = 7.05 Hz, 3H). 13C NMR (CDCl3, 75 MHz) δ: 167.3, 152.4, 130.9, 129.1, 127.5, 






Nitromethane Addition to Heterodimerized Product (20):  
Methyl-(E)-4-((Z)-prop-1-en-1-yl)dec-2-enoate (50 mg, 0.2224 mmol, 1.0 eq.) in 
CH3NO2 (60 µL, 1.11 mmol, 5.0 eq.) was treated with DBU (6.6 µL, 0.0446 mmol, 0.2 eq.) 
under magnetic stirring at room temperature (25°C). The reaction mixture was tracked by GC 
and extracted with Et2O (3 x 5 mL) upon complete consumption of the starting material (40 h). 
The combined Et2O phases were combined, washed with 1N HCl/H2O (2 x 5 mL), dried 
(Na2SO4) and concentrated under reduced pressure to afford an oil. The residue was purified by 
silica get column chromatography (hexane/EtOAc, 6:1) to afford the β-substituted product: 
methyl (Z)-3-(nitromethyl)-4-(prop-1-en-1-yl)decanoate as a colorless oil (14 mg, 22% yield).  
1H NMR (CDCl3, 400 MHz) δ: 5.56-5.54 (m, 4H), 4.51-4.47 (m, 1H), 4.42-4.39 (m, 1H), 3.68 
(m, 5H), 3.66 (br s, 1H), 3.15 (d, J = 7.3 Hz, 1H), 2.98 (d, J = 7.0 Hz, 1H), 2.07 (q, J = 7.7 Hz, 
4H), 1.77-1.76 (dd, J = 7.0 Hz, 1.7 Hz 2H), 1.58 (dd, J = 6.8 Hz, 1.7 Hz, 3H), 1.55 (dd, J = 6.8 
Hz, 1.7 Hz, 2H), 1.25 (s, 35H), 0.88-0.86 (t, J = 6.9 Hz, 8H),; 13C NMR (CDCl3, 75 MHz) δ: 
140.2, 132.2, 130.7, 130.2, 128.3, 126.0, 120.1, 117.9, 52.1, 38.9, 38.1, 37.9, 37.6, 34.8,343, 
33.7, 32.2, 29.8, 22.9, 14.4. 
 
Alkyl Addition to Heterodimerized Product (22): 
35 
 
In the dry-box, a 25-mL oven dried Schlenk flask was charged with a magnetic stirrer bar 
and CuI (42 mg, 0.2183 mmol). The flask was taken out of the dry box and connected to an 
argon Schlenk line and flushed once with argon. The salt was then dissolved in freshly distilled 
THF (1.5 mL, 0.15M) and cooled to -78°C. Methyllithium (0.70 mL, 0.4365 mmol) was slowly 
added at -78°C, then the solution was allowed to warm to 0°C and stir for 30 mins. The solution 
was then cooled back down to -78°C, the substrate, methyl-(E)-4-((Z)-prop-1-en-1-yl)dodec-2-
enoate (50 mg, 0.1981 mg), was added via micro-liter syringe, and the solution was allowed to 
warm to room temperature. The product was extracted with Et2O (5 mL x 3), dried over Na2SO4, 
concentrated, and purified via column chromatography eluting with 5% Et2O/Hexane to afford a 
diastereomeric mixture of (Z)-2,4-dimethyl-5-(prop-1-en-1-yl)tridecan-2-ol as a colorless oil (28 
mg, 53% yield).  
1H NMR (CDCl3, 400 MHz) δ: 7.36 (s, 1H), 7.26 (s, 1H), 5.51-5.546 (m, 2H), 5.19 (t, J = 6.8 
Hz, 1H), 2.98 (quint, J = 15 Hz, 1H), 1.61-1.60 (dd, J = 6.8 Hz, 1.7 Hz, 3H), 1.27 (d, J = 7 Hz, 
25H), 0.87 (t, J = 0.87 Hz, 5H);13C NMR (CDCl3, 75 MHz) δ: 136.9, 133.7, 130.4, 123.7, 70.8, 
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Appendix A1: Achiral Gas Chromatograms for Table 2.2 
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Table 2.2, Entry 1 
GC conditions: HP-5MS, 120 °C, 5 min, 20 °C/min to 250 °C 
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Table 2.2, Entry 2 




Table 2.2, Entry 3 




Table 2.2, Entry 4 




Table 2.2, Entry 5 
GC conditions: HP-5MS, 120 °C, 5 min, 20 °C/min to 250 °C 
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Table 2.2, Entry 6 
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Table 2.3, Entry 3 
GC conditions: HP-5MS, 120 °C, 5 min, 20 °C/min to 250 °C 
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Table 2.3, Entry 4 
GC conditions: HP-5MS, 120 °C, 5 min, 20 °C/min to 250 °C 
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Appendix D: 1H-NMR and 13C-NMR Spectra for Chapter 3 
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